Codeine is an opium alkaloid with a great potential of abuse among opioid consumers. Detection of codeine is a routine procedure in the military and government of some countries for personnel recruitment. Therefore, a specific, selective, and easy to use method would be an important improvement in such detection procedures. According to previous reports, short single-stranded DNA or RNA sequences with high affinity and specificity to their targets, aptamers, could be used for designing an accurate and specific biosensor for codeine. This study introduces an aptamerbased biosensor for codeine detection in nanomolar concentrations by an electrochemical method, and ferrocene carboxylic acid was used as the redox molecule. The data show an improvement in codeine detection in comparison with the previous reports by other methods. The fabricated aptasensor offers a simpler and faster method with a lower limit of detection for codeine. The results demonstrate the reliability and robustness of the constructed aptasensor in codeine detection and measurement.
Introduction
Aptamers are single-stranded DNA or RNA nucleic acid sequences with specific binding capacity and high affinity to special targets; these characteristics make them analogous to antibodies. Generation of aptamers starts with a random pool of oligonucleotides with about 10 14 to 10 16 different sequences. The generation is an in vitro process of selection called Systematic Evolution of Ligands by Exponential Enrichment (SELEX).
1−3
The specific binding property provides several advantages for these sequences in comparison with antibodies. For example, they have smaller sizes than antibodies and can be immobilized more densely on the surface of the electrode in biosensors. 4, 5 Because aptamers have specific affinity to their targets even at very low concentrations, they attract further interest in the biosensor designing field. 6−8 Nowadays, increasing numbers of aptamer-based sensors have been introduced 9, 10 and some of them could detect the presence of their own targets in picomolar 11 or even subpicomolar 12 concentrations.
Codeine phosphate is an alkaloid obtained from the opium poppy of Papaver somniferum. Since it has analgesic, sedative, and antitussive properties, it is used as a component of several pharmaceutical preparations.
13−15 About 10% of oral doses of codeine is metabolized into morphine, 14 and so this compound * Correspondence: hamzeiy@tbzmed.ac.ir has a great potential for abuse by morphine, heroin, and opium consumers. Therefore, it can be an important subject in forensic and toxicology fields. The misuse of codeine as an illegal relief for withdrawal symptoms of opioid dependency is a known problem. It is also mandatory to test for in the drug testing programs of military and workplace recruitments in 40 µ g/L ranges (100 nM) in some countries. 16 Although the detection methods for codeine have progressed over time, 17 further development of more specific, rapid, and simpler methods would be useful. This study describes the construction of a new electrochemical aptamer-based sensor (aptasensor) for codeine detection by an improvement in the limit of detection. Ferrocene carboxylic acid is used as the redox molecule in the electrochemical experiments.
Experimental

Materials
Codeine phosphate (99% from Temad Co., Iran), ferrocene carboxylic acid (98% from Alfa Aesar, USA), Nhydroxysuccinimide (≥ 99% from Merck, USA), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (synthesis grade from Merck), and 6-mercaptohexanol (97% from Sigma-Aldrich, USA) were purchased and used without further purification. A previously reported RNA aptamer sequence 18 was used by adding a C 6 aliphatic thiol modifier and a C 7 primary aliphatic amine modifier at its 5'-terminus and 3'-terminus, respectively (5'-SHC 6 -GGG ACA GGG CUA GCU UAG UGC UAU GUG AGA AAA GGG UGU GGG GG-C 7 NH 2 -3', synthesized by Microsynth AG, Switzerland).
Instrumentation and procedures
Electrochemical measurements were performed using a Metrohm Autolab 302N potentiostat-galvanostat (Eco Chemie BV, the Netherlands) with 3 customary electrodes: an Ag/AgCl/KCl 3 M reference electrode, a platinum wire auxiliary electrode, and a 2 mm gold disk electrode as the working electrode (purchased from Azar Electrode Co., Iran). Total control of the electrochemical procedures was carried out by NOVA software (version 1.5, Eco
Chemie BV). Cyclic voltammetry (CV) procedures were performed in the −0.1 to 0.6 V potential range using a 50 mV/s scan rate. All experiments were performed at room temperature on 50 mL of different concentrations of codeine phosphate in 0.1 M phosphate buffer solution containing 1 M sodium chloride, pH 7.0.
Preparation of buffers and solutions
Main aptamer stock solution (100 µ M) was prepared by adding nuclease-free deionized water (purchased from CinnaGen, Iran) to lyophilized aptamer and stored at −80 • C for future use. The 0.1 M phosphate buffer (pH 7.0) was used for subsequent dilution to the required concentrations. Aqueous buffers and solutions were prepared by sterile deionized water (with 0.05 µ s/cm electrical conductivity) and all equipment was washed by diethylpyrocarbonate-treated water (≥ 97% from Sigma-Aldrich) to deactivate any RNAse before use.
Polishing the surface of the electrode
The efficient immobilization of 5'-thiol modified aptamer on the gold electrode depends on the smoothness and cleanness of its surface. For removing impurities and reaching a clean and mirror-like surface, the electrode was polished by physical and electrochemical procedures, respectively. 19 At the first step, the electrode was polished sequentially with physical rubbing by a 2500 emery paper and 0.05 µ m alumina, respectively. The electrode was then put in a 70% ethanolic ultrasonic bath (ethanol and deionized water, 70:30 v/v) for 10 min to remove residues from the surface. 20 The chemical polishing was fulfilled by subsequent cyclic oxidation and reduction of the electrode: 100 scans in 0.5 M NaOH, 100 scans in 0.5 M H 2 SO 4 , 100 scans in 0.2 M H 2 SO 4 , and 500 to 1000 scans in 0.05 M H 2 SO 4 to reach to a stable gold reduction peak at 0.85 V (potential range of − 0.3 to 1.5 V and scan rate of 150 mV/s). to complete the 3'-terminus reaction. The electrode was then rinsed with phosphate buffer (pH 7.0) gently and was treated with 2 mM 1-mercaptohexanol in phosphate buffer (pH 7.0) for 2 h. 19, 24, 25 By performing these procedures, the electrode was made ready and was immediately used in experiments.
Detection of codeine
The responses of the aptasensor were investigated by comparing a background CV scan with a main CV scan that was taken in the absence and in the presence of codeine, respectively. First, a background scan was taken in 0.1 M phosphate buffer solution containing 1 M NaCl (pH 7.0). A proper concentration of codeine phosphate was then added to the solution and the second CV scan was taken after a 3 min incubation time for codeineaptamer complex formation. 19 Percentage of the faradic current change in the presence versus the absence of codeine phosphate was considered as an index for the aptasensor response.
Reproducibility studies and regenerating method
Electrochemical experiments were performed 3 times separately for each concentration to validate the reproducibility of the responses and the average of the collected data was considered as the result.
To ensure that any change in the faradic current of the working electrode is not related to interventional factors such as degradation of the sensor, regeneration studies should be a part of any biosensor designing.
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First, a main CV scan was taken in the presence of a high concentration of codeine phosphate (2 µ M). The codeine phosphate treated sensor was then stirringly regenerated by immersing in the 80
• C heated 0.1 M phosphate buffer for 5 min followed by washing with deionized water 3 times. 19, 26 The regeneration capability of the aptasensor reached a minimum after 5 stages (see Section 3).
Results
Sensitivity of the sensor in the presence of codeine
For investigating the sensitivity of the aptasensor for codeine, CV measurements were performed in 0.1 M phosphate buffer solution containing 1 M NaCl (pH 7.0) in the absence and in the presence of codeine phosphate, respectively. The CV scans were taken in a potential range of − 0.1 to 0.6 V and at a scan rate of 50 mV/s. The results showed a significant increase in the faradic current of the working electrode in the presence of codeine phosphate (from 600 nA of background to 1.2 µ A). This increase indicated the sensitivity of the fabricated aptasensor to its target (Figure 1 ).
The linearity of the aptasensor's responses to the presence of its target
Main CV scans were performed in 0, 100 pM, 500 pM, 1 nM, 2 nM, 10 nM, 100 nM, 500 nM, 1 µ M, 2 µ M, 10 µ M, and 100 µ M concentrations of codeine to find out the lower and upper limits of detection of the fabricated aptasensor.
The obtained data showed that there were no significant changes in the faradic current of the working electrode in the presence of 0 to 1 nM of codeine phosphate. The first significant change was observed in the presence of the 2 nM concentration of the target and the increase in the responses continued up to 2 µ M. Lower and upper limits of detection were determined between 2 nM and 2 µ M of codeine for the fabricated aptasensor (Figure 2) . 
Selectivity of the sensor to similar molecules
To investigate the sensitivity of the fabricated aptasensor to similar molecules, electrochemical experiments were separately performed by using 50 nm of codeine, morphine, tramadol, and naloxone. As expected, the aptasensor showed a significant sensitivity to the presence of codeine. The sensitivity of the aptasensor was partial to the presence of morphine, but naloxone and tramadol could not trigger any effect. Percentages of obtained faradic current changes were 39%, 12%, 2%, and 1% for codeine, morphine, tramadol, and naloxone, respectively (Figure 3 ).
Regeneration of the aptasensor
Regeneration capability of the aptasensor was examined by comparing the CV scan of a 2 µ M codeine phosphate sample with a background CV scan. The data represent a 73% change in the faradic current of the working electrode in the presence of codeine phosphate at the first CV scan. The 1st, 2nd, 3rd, and 4th stages of regeneration examinations were then performed and the percentage of changes in faradic current of the working electrode were obtained as 50%, 28%,11%, and 3% for them, respectively. The data showed a continuous decrease in the response of the regenerated sensor to a constant concentration of codeine phosphate (Figure 4 ). 
Discussion
As mentioned above, the fabricated aptasensor showed a significant sensitivity to the presence of its own target, codeine. The background scan represents a faradic current equal to 592 nA for the working electrode (the dotted line in Figure 1 ) related to the distance between the redox molecule and the surface of the electrode. After codeine-aptamer complex formation, the spatial structure of the immobilized aptamer changes and it sets the redox molecule to the surface of the electrode, similar to the previously described mechanisms ( Figure 5 ).
21,25
This kind of change causes a significant electron transfer from the redox molecule to the surface of the electrode. As a result, the faradic current of the working electrode rises to 1.14 µ A.
Since the increase in the faradic current of the working electrode is proportional to the numbers of aptamer-codeine complexes, 27 the aptasensor's responses should be linear. The obtained data confirmed the linearity and showed that the responses of the aptasensor increase by the target addition. Significant change in the faradic current starts in the presence of 2 nM codeine phosphate (i.e. the lower limit of this sensor). By increasing the concentration of the target, the faradic current of the working electrode was increased up to a plateau related to 2 µ M codeine phosphate and higher concentrations (Figure 2) . Because all the immobilized aptamers became saturated in the presence of 2 µ M of the target, the higher concentrations of codeine could not have any effect on the faradic current of working electrode. Therefore, the lower and higher limits of the aptasensor were determined as 2 × 10 −9 M and 2 × 10 −6 M, respectively. This lower limit shows an improvement in the codeine detection in comparison with the previous reports for high-performance liquid chromatography (HPLC), capillary electrophoresis, flow injection analysis, miniaturized devices, and sequential injection analysis (SIA) (Table) . Although the limit of detection in 2 cases of HPLC and SIA is less than 2 × 10 −9 M, the rapidness and simplicity of the fabricated aptasensor are important advantages. The specificity studies showed that the agonist of opioid receptors, tramadol, did not intervene in the process of codeine detection by the fabricated aptasensor. This was predictable because the chemical structure of tramadol is completely different from that of codeine. 28 In the case of naloxone, an antagonist for the opioid receptors, although its chemical structure is very similar to codeine, 15,28 this molecule did not interact with the aptasensor, either. However, in the case of morphine, an opioid receptor agonist with a very similar structure to codeine, the sensor was affected partially.
In brief, the fabricated sensor was partially influenced by morphine and could not distinguish between morphine and codeine as we expected. Although morphine and codeine are only different in a methyl group, a very specific aptamer should be able to distinguish between them in theory.
7,29 A specific aptamer for theophylline is the best example for this case. Theophylline and caffeine are only different in a methyl group, but the aptamer was claimed to have about 10,000-fold more affinity to theophylline. 30 Since codeine is metabolized to morphine in the body, 28 the response of the sensor in the body fluids and urine sample would be relatively unspecific. However, it is valuable in the abuse detection point of view. Thus, the fabricated aptasensor is not 100% specific for codeine measurements in the presence of morphine. This problem probably originates from the counter selection stage against morphine in the SELEX process, which may have been done relatively poorly.
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To solve this problem, the SELEX process should be done using another pool of RNA library. The data in the related paper 18 show that the aptamer has 16% affinity to morphine.
As reported before, the response of a regenerated sensor should be at least 95% of the first detection for introducing it as a multiple use sensor. 19, 21, 26 However, the regeneration studies showed that the response of the fabricated aptasensor to its target reduced after each regeneration step. The obtained data represented only 69% recovery for the first stage of regeneration and the proportion of recovery for the 2nd to 4th stages of regeneration were 57%, 39%, and 26 %, respectively. Despite working under RNase free conditions, this problem may have been raised because of the susceptibility of the sensor to degradation by remaining trace nucleases. Therefore, the fabricated sensor could not be reused and is only appropriate for single-use applications.
Since response of the aptamer to the target is very quick, the fabricated aptasensor is comparable with the antibody-based rapid strips. Although the instrumentation for the electrochemical aptasensors is more complicated, progress in the aptamer-based strip construction may solve this problem 31, 32 and there will certainly be a possibility to introduce the new generation of aptamer-based rapid strips, i.e. aptastrips. The aptastrips would be more accurate than the antibody-based strips for of several reasons. The aptamers are much smaller than antibodies and can be immobilized more densely than antibodies on the surface. Moreover, lack of batch-to-batch variation, longer shelf lives, and possibility of aptamer selection for a wide range of targets such as ions, toxic compounds, and even a whole cell are some of the advantages of aptastrips.
1,2,6
Conclusion
The fabricated biosensor represents an improvement in the limit of detection of codeine regarding most of the previously reported methods. Rapidness and simplicity of the method can also be mentioned as an important advantage for this sensor. Although the sensor could not be regenerated, it may be useful in single-use stripbased aptasensor design (aptastrips). Aptastrips could be mentioned as good candidates for rapid and accurate detection of codeine in military, workplace, and medical services recruitments.
